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Abstract

Transcriptional regulation of the glial fibrillary acidic protein gene (GFAP) is of interest because
of its astrocyte specificity and its upregulation in response to CNS injuries. We have used a
transgenic approach instead of cell transfection to identify promoter elements of the human GFAP
gene, since previous observations show that GFAP transcription is regulated differently in
transfected cultured cells from in the mouse. We previously showed that block mutation of
enhancer regions spanning from bp —1488 to —1434 (the C1.1 segment) and —1443 to —1399
(C1.2) resulted in altered patterns of expression and loss of astrocyte specificity, respectively. This
analysis has now been extended upstream to bp —1612 to —1489 (the B region), which previously
has been shown especially important for expression. Block mutation of each of four contiguous
sequences, which together span the B region, each decreased the level of transgene activity by at
least 50%, indicating that multiple sites contribute to the transcriptional activity in a cooperative
manner. Several of the block mutations also altered the brain region pattern of expression,
astrocyte specificity and/or the developmental time course. Transgenes were then analyzed in
which mutations were limited to specific transcription factor binding sites in each of the 4 B block
segments as well as in C1.1 and C1.2. Whereas mutation of the conserved consensus AP-1 site
unexpectedly had little effect on transgene expression; NFI, SP1, STAT3, and NF-xB were
identified as having important roles in regulating the strength of GFAP promoter activity and/or its
astrocyte specificity.
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Introduction

Transcriptional regulation of the glial fibrillary acidic protein (GFAP) gene has attracted
interest due to its astrocyte specificity and its upregulation in response to various CNS
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injuries. We have previously shown that the gfa2 promoter, a DNA fragment extending 2.2
kb upstream of the RNA start site (bp +1), drives expression of a LacZ reporter in mice in a
manner similar to that of the endogenous GFAP gene (Brenner et al., 1994). Footprinting
and cell transfection studies identified three subregions as important contributors to activity
in addition to the basal promoter (BP), regions A (bp —1757 to —1613), B (-1612 to —1489),
and D (-132 to —56). A construct made by juxtaposing the A, B, and D regions with the
basal promoter proved 10 times more active than gfa2 when transfected into glioma cells,
but when used as a transgene produced the surprising results that expression was no greater
than that of gfa2, that it was brain region specific, and that it was present to a significant
extent in several populations of neurons (Lee et al., 2006). Reinsertion of a 233 bp segment
just downstream of B (bp —1488 to — 1256, the C1 segment) resulted in transgene expression
indistinguishable from that of gfa2. Thus, the C1 segment contains sequences required for
astrocytes to express in certain brain regions, and for suppression of GFAP expression in
neurons. Block mutations within the C1 segment revealed that the first 55 bp, region C1.1,
contributes to uniform brain expression, and that the next 45 bp, C1.2, suppresses activity in
neurons.

The analysis of the GFAP promoter has now been extended to the B segment, which cell
transfection studies had shown to be the enhancer region that makes the greatest contribution
to transcriptional activity (Besnard et al., 1991). These studies were performed using the
ABC1D construct, as one of the goals is to identify the minimal promoter elements required
to mimic the activity of the endogenous gene. Four contiguous segments that together span
the B region were individually block mutated within the ABC1D-nLac transgene, and their
effects were analyzed in mice. When all four proved to have marked effects on expression,
the effects were examined of mutations of specific, candidate transcription factor binding
sites within each of the four B block mutations, as well as in the C1.1 and C1.2 segments.

Materials and Methods

Transgene Construction and Generation of Transgenic Mice

Experimental protocols involving mice were approved by the Institutional Animal Care and
Use Committees of the University of Alabama at Birmingham and the University of
Wisconsin, Madison. Schematic depictions of constructs used in this work are presented in
Fig. 1. The gfa2-nLac and gfaABC1D-nLac transgenes are described in Lee et al. (2008).
The B subregion block mutants were constructed by using PCR primers to introduce
transversion base substitutions (A <+ C, G «<+ T) throughout the entire region (bp —1612 to
-1582 for B1; bp —1581 to —1549 for B2; bp —1548 to —1520 for B3; bp —1519 to —1489 for
B4) using methods similar to those described previously (Masood et al., 1993). A similar
PCR-based method was used to introduce the specific transcription factor (TF) site
mutations. In most instances the selection of nucleotides to mutate to prevent TF binding
was based on published work (Table 1). The presence of the intended mutations was
confirmed by DNA sequencing. Mouse lines carrying the B block mutants were made by the
Transgenic Animal/Embryonic Stem Cell Resource at the University of Alabama at
Birmingham in a B6/SJL F2 hybrid background. These mice were subsequently bred to
C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) and generally analyzed after one
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to five backcrosses. Mice carrying the TF site mutants were made at the University of
Wisconsin-Madison in an FVB background and analyzed either on the FVB background or
after one to three backcrosses to C57BL/6. The total numbers of founder lines produced and
of those that expressed the transgenes are shown in Table 2.

Tissue Preparation

Single adult brains were prepared for both beta-galactosidase (4-gal) assay and activity
staining with 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) as previously
described (Su et al., 2004; Lee et al., 2006) with slight modification. In brief, adult mice
aged 2—-6 months were rapidly decapitated, and the brain removed and cut into hemispheres.
One hemisphere was snap frozen on dry ice and stored at —84°C for up to one month until
used for f-gal assay (no decrease in f-gal activity was observed for samples stored for one
month). The other hemisphere was immersion fixed in 4% paraformaldehyde (PFA) in 0.1M
phosphate buffer (pH 7.4) for 1 hr on ice, then further processed for X-gal staining as
described previously (Brenner, et al., 1994). To prepare a single brain for both
immunohistochemistry (IHC) and X-gal staining, adult mice were anesthetized with
Avertin® (2, 2, 2-Tribromoethanol) and then perfused transcardially with 30-50 mL of
phosphate buffered saline (PBS) followed by 100 mL 4% PFA. One hemisphere was further
processed for IHC and the other hemisphere processed for X-gal staining as described
previously (Brenner, et al., 1994; Lee et al., 2006). We observed no difference in X-gal
staining intensity between brains that were immersion fixed or perfusion fixed. For
developmental studies, P1 brains and E15.5 embryonic heads were snap frozen and
processed for f-gal assay. E15.5 embryonic brains were prepared for X-gal staining as
described in Lee et al. (2006).

LacZ Assays

LacZ staining and f-gal quantitative assays were performed using brain hemispheres as
described previously (Brenner et al., 1994; Lee et al., 2006) except that protein
concentration was measured using the Coomassie protein assay kit (Pierce, Rockford, IL).

Immunohistochemistry

Immunohistochemistry were performed as previously described in Lee et al. (2008) with a
slight modification. Cryosections about 10 um thick mounted on Superfrost Plus slides
(Fisher, Pittsburgh, PA) were washed in washing buffer (0.1% Triton X-100 in PBS) three
times for 10 min, incubated for 1 hr in a blocking solution of 10% normal goat serum
(Jackson ImmunoResearch Laboratories, West Grove, PA) in PBST (0.3% Triton X-100 in
PBS), and then incubated overnight at 4°C with primary antibody. The next day, sections
were washed three times for 10 min with washing buffer and incubated for 2 hr at room
temperature with secondary antibodies. They were then washed six times for 10 min with
washing buffer, briefly washed with Milli-Q water, briefly dried, and coverslipped with
Prolong-Gold (Sigma, St. Louis, MO). Primary antibodies used for f-galactosidase/GFAP
double labeling were mouse monoclonal anti-f-galactosidase (Promega, Madison, WI;
1:400) and rabbit polyclonal anti-GFAP (Dako, Glostrup, Denmark; 1:500); secondary
antibodies were fluorescein goat anti-mouse 1gG (Molecular Probes, Eugene, OR; 1:100)
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and Texas red-goat anti-rabbit 1gG (Molecular Probes; 1:100), respectively. Primary
antibodies used for f-galactosidase/NeuN double labeling were rabbit polyclonal anti-4
galactosidase (Cappel; 1:1000) and mouse monoclonal anti-NeuN (Chemicon, Temecula,
CA,; 1:200); secondary antibodies were Alexa Fluor 488 goat anti-rabbit 1gG (Molecular
Probes; 1:100) and Alexa Fluor 594 goat anti-rabbit IgG (Molecular Probes; 1:100),
respectively. All antibodies were diluted in 1% normal goat serum in PBST. Images were
obtained using a Zeiss Axiolmager microscope.

Primary Astrocyte Culture and Transfection

The cells from the cortex of postnatal day 2 pups were dissociated in a papain solution with
a modification of the method of Cahoy et al. (2008) In brief, the tissue was incubated in
papain solution (20 U/mL, Worthington) for 30 min at 37°C in a cell culture incubator,
followed by trituration for 10 times with a 1000 pl pipet tip to dissociate the cells.
Ovomucoid protease inhibitor was added to inactivate the papain, and then incubated for 5
min at 37°C and spun down for 5 min at 250g. Then, the cell pellet was resuspended in
culture media pre-equilibrated in a CO, incubator at ~1 x 106 cells/mL. The media consists
of 10% fetal bovine serum (Hyclone), 10 U/mL penicillin, 10 ug/mL streptomycin, and 20
mM D-glucose in Minimal Essential Medium. Resuspended cells were plated in 25 cm? cell
culture flasks and incubated in a cell culture incubator for 2 hr. Unattached cells were
removed by changing media twice with gentle shaking. The attached cells were grown for
7-10 days to confluency with media changes every other day. Confluent cells were replated
at 2.5 x 10° per well in 6 well plates. Two days after replating, when cells were about 75%
confluent, transfections were performed using a Lipofectamine PLUS kit (Invitrogen,
Carlsbad, CA) following the manufacturer’s instructions. Each well received 1.9 pg of a test
plasmid (pnLacF served as the negative control) together with 0.1 pug of pGL3 (Promega) to
normalize for transfection efficiency. LacZ and luciferase activities were assayed as
described previously (Lee et al., 2006).

Statistical Analysis

Results

Results are expressed as the mean and standard deviation of the mean. Student t-test was
applied and P<0.05 was as taken statistically significant.

Pattern and Strength of B Subregion Mutants of GfaABC1D-nLac

To find regulatory sites responsible for GFAP expression in vivo, the B region of the
gfaABC1D-nLac transgene was divided into four similar sized subregions (B1 to B4) and
the entire sequence of each mutated by transversions. At least two transgenic lines
expressing each construct were examined for expression properties. As a reference we used
gfaABC1D-nLac line U4-18, which was representative of the 10 gfaABC1D-nLac lines
previously examined (Lee et al., 2008), and is hereafter referred to as the wild type. X-gal
staining indicated that the B1, B2, and B3 block mutants each had significantly reduced
expression compared with the wild type (Fig. 2, left side). This was confirmed by
quantitative f-galactosidase solution assay, which also revealed reduced expression for the
B4 block mutation (Fig. 3). Two of six transgenic lines carrying the B1 mutation expressed,
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but at extremely low levels (Figs. 2¢,d and 3A). These results suggest that the B1 region
contains regulatory sites critical for GFAP expression. Four of eight transgenic lines
carrying the B2 mutant expressed lacZ. Each of these lines displayed a region specific
expression pattern (Fig. 2g,h); whereas the wild type shows strong expression throughout
the brain (Fig. 2a,b), the B2 block mutants expressed strongly only in the hippocampus,
colliculus, and dorsal-medial cortex. The expression level of each line was significantly
reduced, ranging from 8% to 19% of the wild type level (Fig. 3B). These results suggest that
the B2 region contains regulatory sites that generally affect promoter activity, but that have a
greater role in some astrocyte populations than others. B3 block mutations also strongly
depressed transgene expression, as revealed by quantitative f-gal solution assay (Fig. 3C).
Of the three lines that expressed, the first (B3m-1) had only 3% of the wild type activity and
the third (B3m-3) only 8%. The activity of the second line (B3m-2) depended on whether
the transgene was inherited through the female germline (5% activity) or male germline
(37% activity) (inheritance denoted as B3m-2F and B3m-2M, respectively). Each of the
lines expressed in a regionally specific manner, but each was different from the others. As
an extreme example of this presumptive gene imprinting (Bartolomei, 2009), the maternally
inherited transgene (B3m-2F) expressed more strongly in the thalamus than other brain
regions (Fig. 2k,l), whereas the paternally inherited transgene (B3m-2M) expressed
uniformly except in the thalamus (data not shown). Thus, the B3 block mutation produced
no consistent effect on expression pattern. Four of eight B4 block mutants initially expressed
the transgene and were analyzed for their expression pattern by X-gal staining; however, one
of these lines ceased expression before quantitative assays were performed. The quantitative
assay showed a significant reduction in activity, albeit not as dramatic as that for the other B
block mutations (Fig. 3D) (the initial activity for the 4th line would likely have been at the
lower end of the group, based on its X-gal staining). Each of the lines showed a regional
pattern of expression, with activity being especially low in the thalamus and in the ventro-
lateral aspect of cortex (Fig. 20,p), indicating that the B4 region, like the B2 region, contains
elements that regulate the regional pattern of expression as well as overall strength.
Expression of the fourth line was even more localized, being largely restricted to the
hippocampus and cerebellum. In summary, the results of X-gal staining and f-gal solution
assays indicate that all four B subregions contain important regulatory sites for promoter
strength, and that the B2 and B4 subregions also contain sites that are more important in
certain astrocyte populations.

Cell Specificity of B Subregion Mutants

We previously found that the gfaABD-nLac transgene shows significant neuronal
expression, and that this is largely eliminated by restoring the C1 segment to produce a
gfaABC1D-nLac transgene, thus identifying the C1 segment as contributing to astrocyte
specificity (Lee et al., 2008). To determine if the B region also contributes to cell specificity,
we examined those lines carrying B subregion block mutations whose expression was
sufficient to permit double label immunofluorescent analysis. These were all of the B2 and
B4 block mutation lines, and line 2 with the B3 block when paternally inherited. This
B3m-2M line appeared to retain astrocyte specificity in all brain regions examined, which
included cortex, hippocampus, olfactory bulb, cerebellum, and spinal cord (data not shown).
However, the B2 and B4 block mutants expressed in neurons in one or more subregions of
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the hippocampus (Fig. 4 and Table 3). Each of the 4 B4 block mutations displayed strong
neuronal expression in the dentate, as did two of the four B2 block mutations; and all four of
the B2 block mutations showed some neuronal expression in the CA1 region, as did three of
the 4 B4 block mutations. Neuronal expression outside of the hippocampus was rarely
observed.

Developmental Expression of B Subregion Mutants

Each of the B region block mutants showed significantly reduced activity in adult mice
compared to the wild type. To determine when this difference arose, we extended the
analysis back to early development. As was the case for cell specificity, the lines with
adequate activity to perform these analyses were the B2 and B4 block mutants and B3m-2M.
We confirmed the previous observation of Lee et al. (2006) that expression of the wild type
gfaABC1D-nLac transgene can clearly be detected by X-gal staining by E13.5, but found no
B2, B3, and B4 mutant staining until E15.5. Because the activity of the block mutants is
significantly lower than that of the wild type, this delay in visualizing activity could be an
artifact of detection sensitivity rather than an altered time course. To distinguish between
these two possibilities, we measured the relative change in activity between E15.5 and P1,
reasoning that this ratio would be the same for mutants and wild type if the time course were
the same, but would be larger for the mutants if the time course were initially delayed. As
shown in Fig. 5A, the wild type and B2 mutant showed the same fold increase between
E15.5 and P1, but the B3 and B4 mutants showed a much higher ratio, suggesting their
expression was indeed temporally delayed.

We also examined when in development the restricted pattern of expression of the B2 and
B4 block mutants could first be discerned. Regional expression was previously observed for
gfaABD-nLac, and was detected as early as E13.5 (Lee et al., 2006). E15.5 brains of the B2
and B4 mutants showed only a thin strip of X-gal staining along the caudal border of the
dorsal cortex, in contrast to strong staining throughout the dorsal cortex of the wild type
gfaABC1D brain (Fig. 5B). In addition, the mutants showed little staining of the mid brain
and medulla oblongata (arrows in Fig. 5B). Thus, the regional pattern of expression of the
B2 and B4 mutants appears to be established early in development.

B block Mutant Expression in Transfected Primary Astrocytes

The B block mutant study was performed using a transgenic approach because we had
previously found that cell culture experiments did not provide a reliable readout of the
effects of gross changes in the GFAP promoter. In particular, the gfaABD-nLac construct
expressed equally well when transfected into primary cerebellar or hippocampal astrocytes,
whereas in mice it expressed well only in the latter (Lee et al., 2006). To determine if the
more subtle alterations involved in the B block mutations might be amenable to analysis by
cell transfection, and thus, more readily studied, primary astrocytes were transfected with
each of the constructs. Disappointingly, little correlation was found between the expression
levels in transfected cells and in transgenic mice. In contrast to the large decrement in
activity seen for each of the B block mutations in mice, only the B1 block mutant showed
significantly reduced activity in the transfected cells, and even that reduction (40% activity
remaining) was far greater than that seen in the mice (0.2% activity) (Fig. 6). Accordingly,
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we continued to use transgenic mice to explore the regulatory sites within each of the B
subregions responsible for the observed phenotypes. Because of the time and cost required, a
single candidate transcription factor site was selected for each of the subregions.

Selection of Candidate Transcription Factor Sites

Candidate transcription factor (TF) binding sites within each of the B subregions were
identified using MATCH™ public version 1.0 with a matching score=0.900. From these we
selected those showing conservation among mammalian species using the UCSC genomic
browser, “Vertebrate Multiz Alignment & Phastcons Conservation (28 species).” Finally,
from this group a single candidate for each B subregion was selected based on a literature
search for ones known to have CNS expression and for possible involvement with GFAP
transcription. The candidates selected were AP-1 for the B1 block, NFI for the B2 block,
SP1 for the B3 block, and STATS3 for the B4 block.

We also extended this analysis to the C1.1 and C1.2 segments, which our previous study had
shown to harbor important regulatory elements, selecting GATA4 for the C1.1 region and
NF-xB for the C1.2 region. Mice were analyzed carrying gfaABC1D-nLac transgenes in
which a small number of nucleotide changes were introduced to specifically inactivate each
of the selected TF binding sites (Table 1; note that the B3 region contains 2 SP1 sites, both
of which were mutated).

Effect of TF Site Mutants on Expression Level and Pattern

Five lines of mice were obtained that expressed the AP-1 mutant transgene. Surprisingly,
each expressed significantly throughout the brain, similar to the wild type and in sharp
contrast to the almost complete absence of activity in the B1 mutants (Fig. 2a—f).
Quantitative f-gal activity assay of three lines maintained for more detailed study confirmed
that the AP-1 mutation did not account for the activity loss produced by the B1 block
mutation (Fig. 3A). The AP-1 mutation did tend to reduce transgene expression compared
with wild type, but this difference did not reach statistical significance (P=0.062).

Two lines expressing the NFI mutant transgene were obtained. Line NFIm-1 displayed a
regional expression pattern very similar to that seen for the B2 block mutants (Fig. 2,
compare g,h to i,j). However, the other line (NFIm-2) showed general expression throughout
the brain almost identical to that of the wild type (data not shown). Thus, it is questionable
whether the NFI site contributes to regional expression. Both NF1 mutant lines expressed
more weakly than the wild type but more strongly than the B2 block mutants (Fig. 3B).
Together, these data suggest that the NF1 site has an important role in GFAP expression, but
that other sequences within the B2 segment also contribute.

Two lines were also obtained that express the SP1 site mutant transgene. Both the pattern
and level of expression of these two lines were similar to that of the B3 block mutants (Figs.
2k-n and 3C), indicating that the SP1 site can account for the properties of the B3 block
mutation.

The STAT3 mutant transgene was also expressed in two mouse lines. Surprisingly, the
expression level of the two STAT3 mutant transgenes was markedly lower than that of the
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block mutations (Figs. 20— and 3D), although this difference did not reach statistical
significance. The pattern of expression also appeared different; for example, the olfactory
bulb was one of the regions with highest transgene activity in the B4 block mutants, but not
in the STAT3 mutants, whereas in the thalamus and brain stem the STAT3 mutants were not
as silent as the B4 block mutants (Fig. 20-r).

Block mutation of the C1.1 region of the ABC1D-nLac transgene results in a regional
pattern of expression similar to that of the ABD-nLac transgene (Lee et al., 2008). Seven
lines were obtained which expressed a transgene carrying a specific GATA site mutation
within the C1.1 region. Of these, five displayed activity throughout the brain, similar to the
wild type, 1 displayed relatively weaker expression in cortex and one lacked expression in
the lateral-ventral cortex (data not shown). Thus, this GATA site is not required for uniform
expression. However, 5 of 6 lines assayed had f-galactosidase activities lower than that of
the wild type (27%, 38%, 48%, 51%, 68%, and 115%), suggesting a role in promoter
strength (P < 0.01 by one sample t-test). Previous studies had also shown that block
mutation of the C1.2 region of the ABC1D-nLac transgene led to neuronal expression of the
transgene, but did not affect either the level or pattern of expression. Both expressing lines
obtained in which the C1.2 NF-xB site was mutated had a normal pattern (data not shown)
and level of activity (55% and 114% of wild type). Effects on neuronal activity are
described below.

Effect of TF Site Mutants on Cell Specificity

The extremely low activity level of the B1 block mutant lines prevented examination of
effects on cell specificity; however, this could be performed for the AP-1 specific mutants,
as they had significant activity. All three lines examined showed an absence of neuronal
expression in cortex, hippocampus, and cerebellum. All three did show significant neuronal
expression in the olfactory bulb, but since several wild type lines also express in olfactory
bulb neurons (Table 3, Lee et al., 2008), we conclude that the AP-1 binding site does not
appear to contribute to the specificity of GFAP expression. In contrast, both NFI mutant
lines displayed clear neuronal expression in the hippocampus like that of the B2 block
mutants, although the specific regions with neuronal activity were variable (Fig. 4 and Table
3). Neither the SP1 nor the STAT3 transgene were sufficiently active to permit assessment
of their cell specificity of expression. Of the three lines expressing the transgene with the
GATA site mutation in the C1.1 region, one had weak neuronal expression in the dentate,
this line plus another had weak neuronal expression in the CA3 region, and the third line
was completely astrocyte specific (Table 3). The C1.1 GATA site thus has a questionable
effect on cell specificity, consistent with findings for the C1.1 block mutation (Lee et al.,
2008). Both lines expressing the C1.2 NF-xB mutant transgene showed neuronal activity,
similar to that displayed by the C1.2 block mutant lines (Table 3).

Discussion

GFAP Promoter Strength

We previously found that the 681 bp gfaABC1D promoter drove expression of an nLac
transgene with the same developmental, spatial, and cell specificity properties as the 2.2 kb
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gfa2 promoter (Lee et al., 2008). That study also investigated the regulatory role of the C1
region, observing that the C1.1 segment contributed to the pattern of expression and that the
C1.2 segment contributed to astrocyte specificity. These studies have now been extended to
the B region by block mutating each of four contiguous segments that together span the B
region, and to the investigation of the contributions of specific TF binding sites within each
of the B segments and the C1.1 and C1.2 segments. Each of the four B region block
mutations markedly reduced transgene activity—the B1 block mutation lowered expression
by over 99%, the B2 mutation by about 84%, the B3 mutation by about 87%, and the B4
mutation by about 58%. This nonadditivity of effects of the block mutations indicates that
multiple interacting sites control GFAP gene expression.

Since using transgenics to probe promoter function is expensive and laborious, we
investigated whether the in vivo properties of the B block mutations could be replicated in
transfected cells. This proved not to be the case (Fig. 6). We had noted similar results
previously. The gfaABD promoter expressed 10-times more strongly than gfa2 when
transfected into a glioma cell line, but as a transgene expressed at a level only equal to gfa2
in some brain regions and much more weakly in others. It also expressed well when
transfected into primary cerebellar astrocytes, but poorly in these cells as a transgene.
Similarly, enhanced GFAP promoters containing duplicated regulatory regions were over
100-times more active in transfected cells than gfa2, but essentially silent as transgenes (de
Leeuw et al., 2006). Accordingly, transgenics continued to be used for the further probing of
the GFAP promoter.

The first specific site investigated, that for binding of AP-1 TFs, revealed another striking,
and quite unexpected example of the disconnect between observations in cell culture and in
mice. The AP-1 site was selected as the most likely candidate for the dramatic loss of
activity of the B1 block mutation because it is a conserved, consensus binding sequence, and
there is evidence of a role for AP-1 in GFAP transcription. We previously found that
mutation of a single nucleotide within the AP-1 site dramatically decreased expression in
transiently transfected cells (Masood et al., 1993), and transfection of a dominant negative
form of c-Jun inhibited GFAP expression in a glioma cell line (Gopalan, et al., 2006). In
vivo, upregulation of GFAP expression was markedly attenuated in a c-Jun null mouse
(Raivich et al., 2004). It was with considerable surprise, therefore, that we observed in this
study that complete obliteration of the B1 block AP-1 site had little if any effect on
expression in transgenic mice, especially since our ChlP assays showed that Jun proteins do
bind to the wild type site, and that this binding is prevented by the mutation (data not
shown). A possible explanation for these apparently conflicting observations is that the AP-1
site is not critical for the basal level of GFAP expression, but participates in its upregulation
in response to injury. This is consistent with suggestions that cell lines and cultured neonatal
astrocytes that are used for the cell transfection experiments share features of reactive
astrocytes (Nakagawa et al., 2004). Preliminary results from our lab indeed suggest that the
AP-1 mutant transgene responds less well to injury than its wild type counterpart
(unpublished experiments).

Since mutation of the AP-1 site does not explain the nearly complete loss of transgene
activity produced by the B1 block mutation, what other sites might be responsible? Two
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prime candidates are TCF11 and deltaEF1 (Zebl). Both have consensus, conserved binding
sites in the B1 segment, and both proteins are expressed in the CNS (Allen Institute).
However, we could find no report of a CNS function for TCF11, and only a single report for
deltaEF1 (Zebl), which described its expression in proliferating progenitor cells in
embryonic hind brain and motor neurons (Darling et al., 2003). A function for either TF in
GFAP expression would thus be a novel finding. Another contributing TF could be NFI,
which is discussed below as a candidate for the B2 segment, but has the first two nucleotides
of its 15 bp recognition sequence (TTGGCN5GCCAA) present in the B1 region (the
divisions of the B region were arbitrarily made, prior to knowledge being available of many
of the potential TF binding sites). However, specific mutation of the NFI binding site, or
even complete block mutation of B2, did not have as severe an effect on lacZ expression as
the B1 block mutation.

Specific mutation of the NFI site reduced transgene activity by about 55%, accounting for a
significant portion of the 84% reduction observed for the B2 block mutation. Just as for
AP-1, arole for NFI had previously been inferred from cell transfection and gene knockout
experiments. The role of the human GFAP NFI binding sites located at bp =120 to —106,
—1585 to —1571 (the one tested in our study), and —1633 to —1619 were examined by Brun
et al. (2009) by cell transfection. The most proximal site was tested alone, and produced
about a fivefold decrease in promoter activity, whereas the second and third sites were only
tested together, with their combined mutation resulting in about a twofold activity decrease.
Our data suggest that the first of these two upstream sites is the important one, with the
caveat that comparison of cell transfection and in vivo results is problematical. Our data are
also consistent with findings that knockout of either the NFIA or NFIB gene results in a ten
or fivefold reduction in GFAP levels, respectively (Steele-Perkins et al., 2005), although
such gene knockout approaches do not distinguish between direct effects on GFAP
transcription and indirect effects mediated through other regulatory pathways.

As the NFI specific mutation did not reduce transgene activity to the same extent as the B2
block mutation, additional TFs may act in this segment. A strong candidate is a consensus,
conserved C/EBP site. A study of astrocyte differentiation in cell culture reported that C/
EBPa expression increased as astrocytes differentiated (Cristiano et al., 2005). The C/EBPS
was reported to be involved in cortical neural differentiation (Paquin et al., 2005) and an
LPS-induced inflammation response (Ejarque-Ortiz et al., 2007). In contrast, a C/EBPS null
mouse showed no decrease in GFAP expression (Kapadia et al., 2006).

The B3 region contains two putative binding sites for SP1, and one each for Pax4, IK-2, and
CdxA. Each of these are consensus sites and highly conserved. The SP1 sites were selected
for mutation in our study because this was the only TF for which there was data concerning
an involvement in astrocyte gene expression (Loeffler et al., 2005). Abolition of these two
sites reduced transgene expression to the same extent as the B3 block mutation, suggesting
for the first time a role for SP1 in stimulating GFAP transcription. A previous study using
cell transfection had instead suggested that SP1 acts as a repressor of GFAP transcription
Dore et al., (2009). In addition to the caveat concerning cell transfection studies, this finding
could differ from ours because a different SP1 site was studied; it is located in the B2
region, and was not included in our analyses because it fell below our cutoff score for a
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consensus sequence. SP1 function may be activated by the BMP-Smad signaling pathway
(reviewed by Massague et al., 2005). This pathway has previously been implicated in
astrocyte differentiation and GFAP gene activation, and proposed to act in conjunction with
STAT3 (Yanagisawa et al., 2001). Our findings raise the possibility that BMP-Smad could
instead, or in addition, regulate GFAP transcription through SP1.

Consistent with multiple previous studies performed in cell culture and in mice (Nakashima
et al., 2002; Herrmann et al., 2008), specific mutation of the STAT3 binding site in the B4
segment markedly reduced transgene activity. The reduction was, in fact, to an even greater
extent than the B4 block mutation, although the difference did not reach statistical
significance. This raises the possibility that the B4 segment also contains a site that
functions to inhibit transcription. A search for such a site using the MATCH™ public
version 1.0 software, however, identified no candidates.

The large reductions in activity produced by the SP1 and STAT3 site mutations indicate that
these TFs act in concert rather than independently. A possible mechanism could be
synergistic binding to the promoter. However, ChlP assays showed that binding of neither
SP1 nor STAT3 was affected when the site for the other was mutated (data not shown).

Regional Patterns of Expression

In addition to severely affecting the level of promoter activity, the B2 and B4 block
mutations also resulted in expression being restricted to specific brain regions. Similar
observations had previously been made for both the ABD promoter (Lee et al., 2006) and for
the ABC1D promoter containing a C1.1 block mutation (Lee et al., 2008). The B2, B4, and
C1.1 block mutations are similar in that expression is almost absent in the lateral cortex, but
retained in the medial-dorsal cortex. However, the details of their expression patterns differ;
for example, B2 mutants express significantly only in the posterior dorsal cortex, whereas
the B4 mutants express throughout the cortex except for the lateral ventral region (Fig.
29,0). These observations show a remarkable heterogeneity among astrocytes in their
regulation of GFAP gene activity. Previous findings for the ABD and C1.1 block mutations,
and made here for the B2 and B4 block mutations, suggest that this heterogeneity may arise
early in development. Surprisingly, none of the region specific expression patterns was
produced by the specific TF site mutations selected within each block. Thus, other sites are
required either alone or in combination with those mutated here. Possible candidates are a
consensus C/EBP site in the B2 region and a C/EBPa site in the C1.1 region; no additional
sites were identified in the B4 region.

Astrocyte Specificity of Expression

We previously observed that an ABC1D-nLac transgene with a C1.2 block mutation
displayed significant activity in hippocampal neurons (Lee et al., 2008), and now have a
similar finding for the B2 and B4 block mutants. Similar neuronal expression was observed
for the NFI site-specific mutation in the B2 region and for the NF-xB site-specific mutation
in the C1.2 region; the effect of the STAT3 specific mutation in the B4 region could not be
tested because of its extremely low expression level. These data suggest that NFI and NF-+B
suppress GFAP expression in neurons. Thus, NFI appears to act as an activator of GFAP
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transcription in astrocytes, but as a suppressor in neurons. Possible explanations for these
opposite effects could be presence in astrocytes and neurons of different combinations of the
four NFI subunit proteins, or interactions with different cofactors. In contrast to NFI,
mutation of the NF-xB site had no significant effect on astrocyte expression. Consistent with
this observation, no binding of NF-#B to either the ABC1D-nLac transgene or to the
endogenous mouse GFAP promoter could be detected by ChIP assay (data not shown). NFI
and NF-#B are thus prime candidates for the suppression of GFAP, and perhaps other
astrocytic genes, in neurons. Such a role is consistent with previous studies showing that
NFI is involved in the development of hippocampal radial glia which give rise to
hippocampal neurons, and that NF-#B is involved in cell proliferation in the initial stage of
neural stem cell differentiation (Zhang et al., 2012). Part of the program of neuronal
differentiation supported by these two TFs could be suppression of expression of astrocytic
genes such as GFAP.
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Schematic depictions of transgenes. Construction of gfa2-nLac, gfaABC1D-nLac and the
C1.1 and C1.2 block mutants has been previously described (Brenner et al., 1994; Lee et al.,
2008). Coordinates for the 4 B subregions and the approximate position of the transcription
factor (TF) binding sites are shown. The block mutants B1m, B2m, B3m and B4m were
made by transversions, and the TF binding site mutations by specific site mutations as
described in Materials and Methods and Table 1. BP = basal promoter.
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FIGURE 2.
Expression strength and pattern of B subregion mutants and their TF Site mutants compared

to the wild type gfaABC1D-nLac. Brains from adult mice were stained for 24 hr with X-gal
as described in the Materials and Methods section. The X-gal stained brains from the most
representative line of each mutant are shown as follows (but see text for details of
variability, especially for the B3 mutants); B1m-1 line for B1 block mutant (B1m), B2m-2
line for B2 mutant, B3m-2F line (inherited through the female germline—see text) for B3
mutant, B4m-3 line for B4 mutant, AP-1m-1 line for AP-1 mutant, NFIm-1 line for NFI
mutant, SP1m-2 line for SP1 mutant, and STAT3m-2 line for STAT3 mutant. Numbers in
parentheses are the number of the lines presenting the most common patterns (or, same as
the representative line) among expressing mouse lines (about half of the founder lines made
for each transgene expressed—see Table 2 for the numbers of expressing lines among total
lines for each transgene).
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FIGURE 3.

Relative promoter activities of B subregion block mutations and specific TF site mutants in
transgenic mice as a percent of the wild type gfaABC1D promoter. For each mutant, at least
two independent lines were assayed. No bar is shown for the two B1 block mutant lines,
B1m-1 and B1m-2, because their activities were only about 0.2% that of wild type. For the
B3 block mutant line 2, B3m-2F indicates offspring from a Female transgenic parent, and
B3m-2M from a Male transgenic parent. The data are the average of 2—4 adult mice (2-6
month old) for each line. Error bars indicate the standard deviation of the mean.
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FIGURE 4.
Hippocampal neuronal expression of mutant transgenes. Staining is shown in the dentate

gyrus for the wild type (WT), B2 mutant (B2m-2 line), NFI site mutant (NFIm-2 line), and
in the CA1 region for the NF- B site mutant (NF-xBm-2 line). Saggital sections from adult
mice were double-stained for f-galactosidase and NeuN (for neurons) as described in the
Materials and Methods section. Images were taken at 40x magnification.
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B2, B3, and B4 block mutant expression in developing brains. A: f-gal activities of the wild
type and B2, B3, and B4 mutants at E15.5 and P1. The B2 mutant line B2m-2 and B4
mutant line B4m-3 were chosen for assay since these lines display representative expression
properties. For B3 mutant, the highest expressing B3m-2M was chosen. Error bars indicate
the standard deviation of the mean from 2 to 5 independent animals. B: X-gal stained E15.5
brains of gfaABC1D-nLac wild type (WT) and B4 mutant line B4m-3. Similar results were
obtained for the B2 mutant line B2m-2. Arrows point to marked differences in expression

between the WT and B4 mutant.
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B block mutant promoter strengths in transfected primary astrocytes and transgenic mouse

brains. The Y-axis is activity relative to the wild type construct. The relative promoter

activities of each B block mutant in transgenic mice are the averages of the values for the

mutant lines shown in Fig. 3. Transfections of primary astrocytes were performed as

described in the Materials and Methods section. The data are the average of two independent
experiments, each performed in duplicate. Error bars indicate the standard deviation of the

mean. Asterisks indicate p<0.001 by student t-test.
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GFAP TF binding sites selected for mutation

TABLE 1

Region TF site

Wild type sequences

Mutated sequences

References

B1 AP-1 -1592 TGACTCA -1586 TTCAGAA Lee etal., 1987

B2 NFI -1585 CCTTGGCACAGACAC -1571 CCTTAACACAGACAC Brunetal., 2009

B3 SP1 —-1543 TTCCCGCCGC -1534 TCCCGATGC Shi et al., 2001
-1531 CCCAGCCCC -1523 CCCAGATCC Le Goff et al., 2003

B4 STAT3 -1511 TTCCGAGAAG -1502 TGCCGACAAG Yuetal., 1999

Cl1 GATA  -1448 GGATAAA -1442 GACTAAA Clabby et al., 2003

Cl.2 NF-xB  -1423 GGGCTGCCC -1415 TCTCTGCCC Kanda et al., 2000

Page 21

Numbers flanking each wild type sequence give its position upstream of the RNA start site, which is nucleotide 5047 in NCBI Reference Sequence

NG_008401.1. Underlined nucleotides were changed as indicated.
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